The movement of replication forks during polyoma DNA synthesis in isolated nuclei was analyzed by digesting newly synthesized DNA 
The movement of replication forks during polyoma DNA synthesis in isolated nuclei was analyzed by digesting newly synthesized DNA with the restriction endonuclease HpaII which cleaves polyoma DNA into eight unique fragments. The terminus of in vitro DNA synthesis was identified by cleaving newly completed molecules with HpaLL. The distribution of label in the restriction fragments showed that the in vitro DNA synthesis was bidirectional and had the normal terminus of replication. Analysis of replicative intermediates pulse-labeled in vitro further suggested that DNA synthesis in isolated nuclei is an ordered process similar to replication in intact cells. Replication forks moved with a constant rate from the origin towards the terminus of replication. The nonlinear course of the DNA synthesis reaction in the isolated nuclei seems to result from the random inactivation of replication forks rather than a decrease in the rate of fork movement. During the in vitro synthesis a replication fork could maximally synthesize a DNA chain about 1,000 nucleotides long. The results suggest that some replication forks might be initiated in vitro at the origin of replication.
The replication of polyoma DNA has been studied in vitro with nuclei isolated from infected cells. In this system a detailed picture of the process for elongation of DNA chains has been obtained (6, 15) . It was initially established (13) that the nuclei supported the semiconservative replication of substantial segments of the viral genome. However, no DNA strands were found that had been synthesized from start to finish in the isolated nuclei. Furthermore, the analytical methods used in that and subsequent studies did not allow a determination of the regions of the viral genome in which DNA was synthesized. Here we analyze newly synthesized DNA by the use of restriction endonuclease cleavage. Cleavage of DNA with restriction endonucleases allows the study of events in specific parts of a genome. The restriction endonuclease HpaII from Haemophilus parainfluenzae cleaves polyoma DNA into eight unique fragments that can be separated by gel electrophoresis. The eight fragments have been ordered into a physical map by Griffin et al. (7) . DNA synthesis starts at a unique site in the genome, and from there the replication forks proceed in both directions until the two forks meet at the terminus of replication, which is 1800 from the origin on the circular map (3).
To study the rate and extent of DNA synthesis in specific regions of the polyoma genome, viral DNA was labeled during the incubation of the isolated nuclei and then cleaved with HpalI.
The amount of radioactivity in the separated restriction fragments was then used to measure the number of replication forks that had moved through respective fragment during the labeling period.
MATERIALS AND METHODS
For many of the details concerning cells, virus, and general methodology, previous publications should be consulted (11, 15, 19 In vitro synthesis and purification of DNA. Nuclei were prepared exactly as described before (15) .
After se(dimentation the nuclei were suspended in 1 volume of isotonic buffer. For in vitro synthesis of DNA, four parts of the nuclei suspension were mixed with one part of buffer containing the standard components of the reaction. Incubations were done at POLYOMA DNA REPLICATION 387 25°C and were stopped by the addition of 5 volumes of 50 mM Tris-chloride (pH 8.0)-10 mM EDTA. The nuclei were lysed by the addition of sodium dodecyl sulfate to lVi; and NaCl to 1 M. Viral DNA was selectively extracted and purified as described, including centrifugation through neutral sucrose gradients (9, 12) . For purification of closed circular (form I) DNA, chromatography on benzoylated-naphthoylated DEAE-cellulose was used (19) .
Restriction endonuclease digestion of DNA. The restriction endonuclease from H. parainfluenzae (Hpall) was purified as described by Sharp et al. (16) . DNA was concentrated by ethanol precipitation before digestion. The reactions were carried out at 37°C for 2 h in 10 mM Tris-chloride (pH 7.5)-10 mM MgCl2 and 1 mM dithiothreitol. The reactions were stopped by the addition of sodium dodecyl sulfate to 0.5%. The samples were stored frozen and were heated to 50°C for 15 Form I DNA from the two samples was then cleaved with HpaII, and the digests were analyzed by gel electrophoresis. The 32P radioactivity of each DNA fragment was normalized to the size of the fragment by using the 'H radioactivity as an internal standard. In Fig. 1 the specific :2P radioactivity for each fragment is shown. In the figure the physical map of the circular polyoma DNA molecule has been linearized by opening it at the terminus of in vivo replication. The molecules which had completed a replication round during the first 10 min of incubation were labeled exclusively in fragments 2 and 6. After 30 min of incubation some radioactivity was present in fragments 1 and 7 in addition to fragments 2 and 6. It is clear that the termination site in vitro was in the same region of the genome as in vivo (3). Furthermore, the distribution of radioactivity in the fragments was symmetrically arranged around the terminus, suggesting that the DNA synthesis was bidirectional. Only insignificant amounts of radioactivity were found in fragments 3 and 5 at the origin site for DNA replication, located at the junction between the two fragments. To analyze into what regions of the genome [a-:2P]dGTP was incorporated during the course of the reaction, the purified viral DNA was cleaved with HpaII restriction endonuclease. After the digestion, the DNA fragments were separated by electrophoresis ( Fig. 2A, B , and C). The ;3H label introduced in vivo, serving as an internal standard, was recovered in seven peaks corresponding to HpaII fragments 1 to 7 (fragment 8 ran off the end of the gels). The amount of radioactivity in each of these peaks was proportional to the size of the restriction fragment (7) . The ;12P radioactivity showed a different profile. It was recovered at positions corresponding to each of the HpaII fragments. In addition, 30 to 40% of the 32P-labeled DNA remained at the top of the gels, having a mobility less than that of HpaII-1. The relative amount of this material decreased during the course of the reaction. In other experiments the slowly migrating material could be eliminated by following a pulse-chase protocol (data not shown). These results suggest that the radioactivity at the top of the gels and between the positions of the J. VIROL. restriction fragments consisted of branched DNA molecules containing replication forks between two restriction sites and therefore had a larger mass than the normal linear fragments. It is also shown below (Fig. 5) that the DNA recovered from the peaks had full fragment length.
To quantitate the synthesis of the different restriction fragments, 32P/3H ratios were calculated for uncleaved DNA and for each of the fragments after correction for the 32P background-level present between the peaks of radioactivity ( Table 1 (19) . The 32P/3H ratios of the restriction fragments were in all cases lower than the corresponding ratio for uncleaved DNA. This result merely reflects the loss of material containing forks from the positions of the restriction fragments in the gels. That HpaII-l, for example, showed a lower recovery than the much smaller HpaII-7 is also consistent with this notion because a larger fragment has a higher probability of containing a replication fork than a small one. In general the 32P/3H ratios increased almost linearly with time during the incubation period. This increase probably represented the composite effect of incorporation of labeled nucleotides into DNA and an increase of the radioactivity recovered in linear restriction fragments. One exception to this pattern was HpaII-5 that had by far the highest :32P/^H ratio after the first 10 min of incubation, but then increased only about 1.5-fold during the continued reaction. The result suggests that early during the in vitro reaction, there was a relative abundance of replication forks close to the origin of replication, located at the junction between HpaII-3 and -5, and that this region of the genome later was depleted of replication forks. One tempting interpretation of the result is that initiation of DNA synthesis occurs in vitro, but that the process is inactivated faster than the elongation of DNA chains.
To get a more sensitive deternination of the movement of replication forks, an experiment similar to the previous one was done. However, in this experiment the radioactive label was only introduced during the last 10 min of the reaction, instead of continuously from the start. The reactions were started in the presence of unlabeled nucleotides, dATP, dCTP, and dTTP present at 50 ,uM concentration, and dGTP at 5 ,uM concentration. During a 10-min pulse (0 to 10, 10 to 20, and 20 to 30 min, respectively), [a-YP]dGTP was added to a final dGTP concentration of 10 ,uM.
Analysis of the viral DNA by sedimentation through alkaline sucrose gradients (Fig. 3A and  B) showed that the 3H radioactivity introduced in vivo sedimented in two peaks: a major peak at 53S (form I DNA) and a minor peak at 16 to 18S (form II DNA). The 3P label from the 0-to 10-min pulse (Fig. 3A) appeared as an asymmetric peak extending from a position corresponding to full-length viral strands to the top of the gradient. The 3P label from the 20-to 30-min pulse (Fig. 3B ) sedimented as a relatively sharp peak at about 16S and a second, smaller peak at the top of the gradient. The material in this second peak may have consisted of "Okazaki fragments," newly initiated DNA chains, or sim- ply degradation products. The 32P-labeled viral DNA from the 10-to 20-min pulse had a sedimentation profile intermediate between the profiles shown in Fig. 3 . The sedimentation profiles show that the average chain length increased during the reaction. The label in the chains was introduced during the last part of the incubations and thus reflected the synthesis of DNA behind replication forks that remained active during the reaction. Since mainly long DNA chains were synthesized during the later part of the reaction, it is again clear that the isolated nuclei largely support chain elongation.
As in the previous experiment the viral DNA was cleaved with HpaII restriction endonuclease, and the resulting digests were analyzed by gel electrophoresis. We only show the gel profiles from the 0-to 10-min and 20-to 30-min pulses ( Fig. 4A and B) . They were similar to those shown in Fig. 2 The 12 P/H ratios are calculated from the experiment shown in Fig. 4 .
J. VIROL. gation in alkaline cesium sulfate density gradients (Fig. 6A, B, C, and D) . The DNA labeled with 3H in vivo formed symmetrical peaks serving as internal references of buoyant density. HpaII-3 DNA (Fig. 6A and B) formed narrower peaks than HpaII-5 DNA (Fig. 6C and D) , as expected from the difference in molecular weight. HpaII-3 ( Fig. 6A) and HpaII-5 (Fig. 6C) labeled with 12P during the first 10 min of the reaction had a higher buoyant density and formed somewhat broader peaks than the 'Hlabeled DNA. The peak values of buoyant density were increased by 20 mg/cm: for HpaII-3 and 37 mg/cm3 for HpaII-5. After 30 min of incubation the "2P-labeled DNA formed substantially broader peaks (Fig. 6B and D) with peak values of buoyant density increased by 58 mg/cm3 for HpaII-3 and 54 mg/cm' for HpaII-5. Knowing the adenine-thymine content of the two restriction fragments (7), the buoyant density in alkaline cesium sulfate gradients of DNA with complete substitution of thymine by bromouracil can be calculated (1, 10, 13) to be 83 and 79 mg/cm', respectively, for HpaII-3 and HpaII-5. The bromouracil substitution in HpaII-3 and -5 synthesized during 0 to 10 min was consequently 24 and 47%, respectively. The corresponding values for DNA labeled during 20 to 30 min were 70 and 68%. We believe that 70% represent full substitution under our experimental conditions, since no fragment we tested, including the small HpaII-7, had a higher degree of bromouracil substitution.
From the length of HpaII-3 and -5 (890 and 410 nucleotides, respectively), the rate of chain elongation can be estimated to about 300 nucleotides during the first 10 min. During the next 20 min, the number of newly synthesized nucleotides in HpaII-3 had increased to 890, whereas the corresponding value for HpaII-5 was 400, representing the full length of the fragments. These values are corrected for a maximal bromouracil substitution of 70%. From these considerations it follows that the rate of DNA synthesis in the isolated nuclei is linear, when only the replication forks that remain active are measured. These replication forks seem to be able to synthesize a DNA chain at least 900 nucleotides long which is in agreement with the experiment presented in Fig. 1 . In addition, the data suggest the possibility that some replication forks are initiated in vitro, since they are actively synthesizing DNA within 400 formed into closed circular molecules were terminated at the normal termination site (Fig. 1) . The labeling pattern also shows that replication forks approach the termination site from both directions. After 10 min of incubation, in vitro radioactive label was detected only very close to the termination point. After 30 min of reaction, however, some molecules which at the start of the reaction had replication forks as far as 1,000 nucleotides from the termination point were successfully completed. Since only form I DNA was measured in this experiment, it is possible that even longer DNA chains were synthesized in vitro, but that those molecules had not yet been transformed into form I DNA.
(ii) The distribution and movement of replication forks were analyzed by labeling the DNA radioactively during the incubation of the nuclei and then isolating the total viral DNA. Of the radioactivity more than 90% was present in replicative intermediates. (18) .
(iii) The movement and inactivation of replication forks were analyzed in an experiment in which DNA was density labeled with bromodeoxyuridine triphosphate throughout the reaction and, in addition, radioactively labeled during the last part of the reaction. This protocol was designed to analyze DNA synthesized at replication points that remained active throughout the reaction. After digestion with HpaII, restriction fragments which were of full length (Fig. 5 ) were isolated and analyzed by centrifugation in alkaline cesium sulfate gradients. The result, depicted in Fig. 6 , shows that the density of the radioactively labeled DNA chains increased linearly with time, indicating that replication forks that remain active move with a constant speed throughout the reaction. The presence of lighter-than-average material in the gradients (Fig. 6B and D) , consisting of full-length DNA chains with one light and one heavy part, might indicate that some replication forks either can pause and then resume synthesis or move quite slowly. The finding that HpaII-3 ( Fig. 6B) can be completely synthesized in vitro again shows that replication forks can synthesize chains of at least 1,000 nucleotides in the nuclei (compare Fig. 1) .
(iv) The last question concerning initiation of new rounds of replication remains essentially unanswered. Initiation might occur, but the data are inconclusive. The high level of DNA synthesis that occurs close to the origin of replication early during the reaction (Table 2) could represent synthesis by replication forks initiated during the early part of the reaction. If this is true the rate of initiation then seems to drop rather quickly during the in vitro reaction. The information presented in Fig. 6 and Table 2 
